A nitroreductase-encoded gene from an efficient nitro-reducing bacterium Streptomyces mirabilis DUT001, named snr, was cloned and heterogeneously expressed in Escherichia coli. The purified Streptomyces nitroreductase SNR was a homodimer with an apparent subunit molecular weight of 24 kDa and preferred NADH to NADPH as a cofactor. By enzyme incubation and isothermal calorimetry experiments, flavin mononucleotide (FMN) was found to be the preferred flavin cofactor; the binding process was exothermic and primarily enthalpy driven. The enzyme can reduce multiple nitro compounds and flavins, including antibacterial drug nitrofurazone, priority pollutants 2,4-dinitrotoluene and 2,4,6-trinitrotoluene, as well as key chemical intermediates 3-nitrophthalimide, 4-nitrophthalimide, and 4-nitro-1,8-naphthalic anhydride. Among the substrates tested, the highest activity of k cat(app) /K m(app) (0.234 μM −1 Sec −1 ) was observed for the reduction of FMN. Multiple sequence alignment revealed that the high FMN reduction activity of SNR may be due to the absence of a helix, constituting the entrance to the substrate pocket in other nitroreductases.
Introduction
Biotransformation of nitro compounds by nitroreductases (NTRs) has attracted considerable attention in recent years because of its environmentally friendly properties and low displaying different NAD(P)H selectivity [1] . Group A NTRs are NADPH dependent, as exemplified by NfsA from E. coli, whereas group B NTRs, for example, NfsB from E. coli, can use both NADH and NADPH as the electron donor. Members of the NTR family are usually homodimers of a 20-30 kDa subunit, with FMN or FAD bound in the dimer interface. Structural data and biochemical studies of E. coli NTRs revealed that FMN cofactors both contribute to the NTR stability and participate in the nitroreduction process [10, 22] . Therefore, detailed biochemical characterization of the cofactor selectivity and flavin-binding properties of NTRs will aid in efficiently using NTRs for biotransformation of nitro compounds.
Nitro compounds, for example, nitrophthalimides, are widely used as intermediates in the synthesis of dyes, pigments, pesticides, and pharmaceuticals [23, 24] . However, they are toxic and widely distributed in soil and groundwater because of their resistance to degradation. Given the soil-inhabiting properties of Streptomyces and their continuous exposure to nitro compounds, the bacteria may evolve specific enzymes to use them. We have previously isolated and identified from soil samples a Streptomyces mirabilis strain, DUT001 that could efficiently reduce nitro polycyclic aromatic compounds and polynitro compounds, including 3-nitrophthalimide, 4-nitrophthalimide, and 4-nitro-1,8-naphthalic anhydride [25] .
The aim of this work was to identify and characterize a NTR from Streptomyces. The NTR encoding gene from this bacterium Streptomyces mirabilis DUT001, named snr, was cloned, and recombinant protein was overexpressed in E. coli. The biochemical properties of the purified enzyme, including its cofactor selectivity, flavin-binding properties, and ability to reduce nitro compounds and flavins, were determined.
Materials and Methods

Chemicals and reagents
Nitrofurazone (NFZ), 3-nitrophthalimide, 4-nitrophthalimide, NADH, and NADPH were purchased from Sigma-Aldrich (Shanghai, People's Republic of China). 2,4,6-Trinitrotoluene, 2,4-dinitrotoluene, FMN, and FAD were obtained from J & K (Beijing, People's Republic of China). 4-Nitro-1,8-naphthalic anhydride, 95% purity, was kindly provided by Professor Xuhong Qian's lab, East China University of Science and Technology. Oligonucleotide primers were obtained from Takara (Dalian, People's Republic of China). Except otherwise stated, all chemicals used were of analytical grade.
Bacterial strains, plasmids and culture media
The chromosomal DNA for the cloning of gene snr was extracted from S. mirabilis DUT001, preserved in China General Microbiological Culture Collection Center (CGMCC), Beijing, People's Republic of China (CGMCC number is 2517). Plasmid pET28a (+) (Novagen, Merck, Darmstadt, Germany) was used to construct expression vectors. E. coli DH5α (Takara, Dalian, People's Republic of China) and BL21 (DE3) (Novagen, Merck, Darmstadt, Germany) were used as the host for DNA manipulation and expression of recombinant protein, respectively. E. coli strains were cultured in Luria-Bertani (LB) medium at 30 or 37
• C and supplemented with appropriate antibiotics if necessary.
Cloning of SNR gene
The coding sequence of Streptomyces nitroreductase SNR was amplified from S. mirabilis DUT001 genomic DNA using the corresponding primers. To facilitate molecular manipulations, NcoI and EcoRI restriction sites were incorporated at 5 -end of each primer: SNR-F (CATGCCATGGGACATCATCATCATCATCACTCTCTCGTC CTTGACCCCG) and SNR-R (GGAATTCTTAGACCGTGGTGACGACCT). The polymerase chain reaction product was digested using NcoI and EcoRI and then cloned into the same digested pET28a (+) plasmid to generate the construct pET28a-SNR. The sequences of plasmid pET28a-SNR were confirmed by sequencing (Takara, Dalian, People's Republic of China) prior to transformation into E. coli BL21 (DE3).
Expression and purification of nitroreductase SNR
The verified plasmid pET28a-SNR was transformed into E. coli BL21 (DE3) for protein expression. The BL21 (DE3) strain containing the plasmid pET28a-SNR was grown in LB medium supplemented with 50 μg mL −1 Kanamycin at 37
• C with 180 rpm shaking. Cultures were grown to an optical density (OD 600 ) of 0.5 and induced with 1.0 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) for 6 H at 30
• C. The induced cells, harvested by centrifugation at 6,000g for 20 Min, were suspended in precold 20 mM sodium phosphate buffer (containing 500 mM NaCl, pH 7.4) and then lysed using a high-pressure homogenizer (ATS Engineering Inc., Brampton, Canada) at 4
• C. The supernatant containing the soluble SNR was centrifuged at 12,000g for 20 Min, and then applied to a Nickel HiTrap TM Chelating HP column (GE Healthcare, Chicago, IL, USA). Protein was washed with buffers containing 20 and 75 mM imidazole to remove nonspecific proteins, and then eluted by 250 mM imidazole. For NTR assays, the purified SNR was incubated with excess pure FMN at 4
• C for 30 Min, and buffer-exchange into 20 mM Tris-HCl (pH 8.0) using a PD-10 desalting column (GE Healthcare, Chicago, IL, USA) to remove the unbound FMN. The protein concentrations were determined using the Bradford procedure calibrated against bovine serum albumin (BSA).
SDS-PAGE, Native-PAGE analysis,
and gel filtration SDS-PAGE was used to verify the expression and purification of SNR and to identify its subunit mass, whereas Native-PAGE was used to determine the native masses and oligomeric states of SNR. The molecular mass of the native SNR was determined by gel filtration using a Superdex TM 75 10/300 GL column (GE Healthcare, Chicago, IL, USA). Gel filtration was carried out in 50 mM sodium phosphate buffer (containing 150 mM NaCl, pH 8.0) at a flow rate of 0.5 mL min −1 and monitored at 280 nm. The column was calibrated using the following standards: chymotrypsinogen A (25,000 Da) and BSA (66,400 Da) (Sigma Aldrich, Shanghai, People's Republic of China).
Biochemical characterization of nitroreductase SNR
The UV-visible absorption spectrum of the purified SNR was recorded ranging from 200 to 700 nm in 20 mM Tris-HCl buffer (50 mM NaCl, pH 8.0) using a scanning spectrophotometer (Varioskan, Thermo Fisher Scientific, Waltham, MA, USA). The flavin cofactor selectivity and its effect on the enzymatic activities were determined using the NFZ reduction assays. The reaction mixture was as follows: 0.5 μM SNR, 100 μM NFZ, 200 μM NADH, and 0.2-50 μM FMN/FAD in 20 mM Tris-HCl buffer (50 mM NaCl, pH 8.0). The effects of temperature and pH on the enzymatic activity were measured using the NFZ reduction assay. In a typical experiment, the reaction system consisted of 100 μM NFZ, 200 μM NADH, and 0.5 μM SNR following FMN incubation. The reaction was initiated by the addition of NADH and monitored spectrophotometrically at 420 nm every 20 Sec for 5 Min. The optimal pH value was measured in various buffers at 25
• C. The optimal temperature was determined in 20 mM Tris-HCl buffer (pH 8.0) at a series of temperatures ranging from 4 to 65
• C. In the thermal stability studies of SNR, the enzyme in 20 mM Tris-HCl buffer (pH 8.0) was preincubated at 30, 40, 50, 60, and 70
• C for a certain time (5, 15, 30, 60 Min) and cooled. In all cases, the residual activity was determined under the standard assay conditions. As for control, the activity of the enzyme without heat treatment was also measured.
Cofactor preference (NADH or NADPH) of SNR following FMN incubation was carried out in a similar procedure described above using NFZ as an electron acceptor. 100 μM NFZ and 0.5 μM SNR were mixed in the 20 mM Tris-HCl buffer (pH 8.0) and thermally equilibrated to 37 ± 1
• C. The reaction was started by addition of either NADH or NADPH at a series of concentrations and monitored spectrophotometrically at 340 nm every 20 Sec for 5 Min.
Isothermal titration calorimetry
The interactions between flavin cofactor (FMN or FAD) and SNR were measured using a MicroCal iTC200 System (Microcal, Northampton, MA, USA) at 25
• C following standard procedures. The purified SNR was dialyzed into 20 mM Tris-HCl buffer (pH 8.0) containing 50 mM NaCl. The SNR apoenzyme (0.075 mM) was placed in the calorimetric reaction cell and titrated with 0.1 mM FMN or FAD in the same buffer. Each titration experiment was performed with 20 injections of 2 μL ligand into the protein solution with a stirring speed of 1000 rpm at 120 Sec intervals. The background heat of titration was obtained by injecting FMN or FAD into the same buffer without protein under identical experimental conditions. The isothermal titration calorimetry (ITC) data were processed with MicroCal Origin version 7.0 installed on the iTC200 System. 
Substrate specificity and kinetic parameters
The substrate specificity of the purified SNR following FMN incubation was investigated by a spectrophotometric method using NADH as electron donor and different nitro compounds or flavins as terminal substrate, including 3-nitrophthalimide, 4-nitrophthalimide, 4-nitro-1,8-naphthalic anhydride, 2,4-dinitrotoluene, 2,4,6-trinitrotoluene, NFZ, FMN, and FAD. All nitro compounds (except for 2,4,6-trinitrotoluene) were dissolved in 90% (v/v) Me 2 SO, 10% (v/v) buffer containing 200 mM Tris-HCl (pH 8.0).
Steady-state enzyme kinetics with purified SNR following FMN incubation were measured by monitoring the change in absorbance at 340 nm due to NADH oxidation, but the reduction of NFZ was monitored at 420 nm. A reaction mixture (200 μL) containing 20 mM Tris-HCl buffer (pH 8.0), 120 μM NADH, and a series of substrate concentrations was prepared, initiated by addition of SNR. The temperature of each reaction was maintained at 37 ± 1
• C, and changes in absorbance were measured every 20 Sec for 5 Min (during linearity). All the experiments were carried out at least three times. Nonlinear regression analyses and Michaelis-Menten curve fitting were performed using Origin 8.5 software.
Results and Discussion
Cloning and phylogenetic analysis of S. mirabilis DUT001 nitroreductase SNR
A potential NTR gene named snr (GenBank accession no. GQ402093.1) was amplified from S. mirabilis DUT001, which has been previously identified as possessing highly efficient NTR activity toward various nitroaromatic compounds. The deduced product of snr was a protein of 196 amino acid residues. The N-terminal amino acid sequence of SNR was MSLVLDPAAQDLLFREARTA, which does not share any sequence similarity with other reported NTRs from bacteria, including a native NTR purified from the same Streptomyces strain (DINGGGATLPQLYLTPDVLT) [33] . These two NTRs are distinct enzymes. Most bacteria contain several types of NTRs, which exhibit different physical and chemical properties. Thus, biochemical information of SNR might be used to understand the NTR activity of the Streptomyces strain. A phylogenetic tree of SNR and 17 previously characterized NTRs was constructed using the neighbor-joining method (Fig. 1) . SNR harbors a sequence close to that of NAD(P)H-dependent NTRs, also known as group B. The proteins in this group can use both NADH and NADPH as cofactors to reduce a variety of nitro compounds and flavins.
Heterologous expression and purification of SNR
To examine the biochemical properties of SNR, the DNA was cloned into plasmid pET28a and expressed in E. coli. After induction by IPTG, a protein band was readily detected in the [10, 11] , NR from Enterobacter cloacae [12] , NfnB from Salmonella typhimurium [13] , PnrA and PnrB from P. putida [15] , FRase I from V. fischeri [30] , FRP from V. harveyi [38] , RdxA from Helicobacter pylori [27] , NfrA1 from Bacillus subtilis [39] , MnpA from Ralstonia eutropha [40] , NprA from R. capsulatus [21] , Ssap-NtrB from Staphylococcus saprophyticus [41] , Gox0834 from G. oxydans [19] , PnbA from L. plantarum [18] , Yfk0 from Bacillus licheniformis [42] , and NOX from Thermus thermophilus [26] .
extract of E. coli BL21 (DE3) transformed with pET28a-SNR that was not present in culture of the same strain harboring pET28a (the negative control) (Fig. 2A) . The recombinant SNR was purified using Ni-NTA affinity chromatography. A single-step purification yielded about 20 mg protein from 100 mL culture with >95% purity on a Coomassie-stained gel. SDS-PAGE revealed that the purified SNR showed an apparent subunit molecular weight of about 24 KDa (Fig. 2B ), in agreement with the value of 22.5 KDa predicted from the gene sequence with addition of a N-terminal His 6 -tag. However, native-PAGE showed that the molecular mass of SNR is similar (slightly smaller) to that of native BSA (66 KDa). Gel filtration of SNR yields a single peak of about 55 KDa (Fig. 2C) , suggesting that the enzyme is a dimer.
Flavin cofactor selectivity
Most NTRs have previously been identified to be flavindependent enzymes with FMN or FAD bound. However, whether or which flavin was incorporated during expression of SNR was uncertain. UV-visible spectra of recombinant protein showed no characteristic flavin absorption peaks. To explain the inconsistency, the enzymatic activity of SNR was determined using NFZ as substrate with or without flavin addition. Without flavin addition, the purified SNR was unable to reduce NFZ. After flavin addition, SNR was yellow and active toward NFZ. These results suggest that SNR is a flavin-dependent NTR, but that the flavin cofactor may be either insufficiently incorporated or dissociated from the recombinant protein, during expression and/or purification.
To determine which flavin (FMN or FAD) was the preferred cofactor of SNR, the reduction of NFZ by SNR was measured in the presence of each flavin at a series of flavin/protein ratios. The enzymatic activity of SNR was first significantly increased as the flavin/protein ratio increased, and then decreased steadily (Fig. 3) . The maximum activity of SNR was obtained when the FMN/protein ratio was 2:1, in agreement with previous structural studies of NTRs, which reported two flavin cofactors were bound in the dimer interface of NTR [10, 13, 14, 26, 27] . However, no significant change in activity was observed when the FAD/protein ratio was the same as that of FMN. These results suggest that SNR functions more efficiently with FMN than with FAD, thus FMN was chosen as the flavin cofactor in the following experiments. Surprisingly, the activity of SNR decreased as the concentration of flavins increased instead of keeping steadily. Given that the structural similarity between NTRs and flavin reductases, it therefore seems reasonable to assume that SNR probably can reduce FMN, and its catalytic activity may thus be inhibited at higher FMN concentrations.
ITC measurements of binding of FMN to SNR
To analyze the binding affinities of FMN, the binding of FMN to SNR was characterized using ITC. As Fig. 4 shows, a significant amount of heat was released when SNR was titrated with FMN, indicating that there was a significant enthalpic contribution ( H = −13.8 kcal mol −1 ) to the binding process. For a binding process, the net H is the total energy change contributed by formation and disruption of many independent interactions (e.g., hydrogen bonds and van der Waals interactions between the ligand and protein, the solvent and protein, and the ligand and solvent) [28, 29] . When these interactions are formed, H is negative; when they are broken, H is positive. According to the previously reported structures of NTRs, hydrogen bonds may be formed between FMN and SNR, which make significant contributions to the net H. Analysis of ITC parameters also revealed an unfavorable entropic contribution ( S = −20.8 cal mol −1 K −1 ), suggesting that there are certain residues in the SNR slightly stabilized upon binding FMN. This is consistent with the structural characteristics of NTRs, as indicated by the highly ordered residues involved in FMN binding [10, 11, 14, 30] .
Effects of temperature on FMN binding
A series of ITC experiments in 20 mM Tris-HCl buffer (pH 8.0) were carried out at 15, 20, 25, and 30
• C to determine the • C and became more negative as the temperature increased further. Therefore, both H observed and S contributed to the FMN-binding process at 15
FIG. 2 Protein purification and subunit oligomerization analysis of SNR. (A) SDS-PAGE analysis of SNR expressed in E. coli BL21 (DE3
• C, whereas this binding process was driven only by H observed at ࣙ20
• C. It was deduced that some hydrogen bonds and van der Waals were formed in the FMN-SNR binding process, which resulted in the large negative H observed and the negative S. These data were consistent with the characteristics of FMN binding by NTRs revealed in previously solved structures [10, 11, 14, 30 ].
Nicotinamide cofactor preference of SNR
NFZ was chosen to determine the nicotinamide cofactor preference of SNR. For NTR assays, the purified SNR were incubated with excess pure FMN and then buffer exchange to remove the unbound FMN. As Fig. 6 shows, SNR reduced NFZ at a significantly higher rate when using NADH as the nicotinamide cofactor compared with NADPH. The NADH-dependent reduction of NFZ gave a k cat(app) of 2.43 ± 0.17 Sec −1 and K m(app) of 51.02 ± 10.89 μM, whereas NADPH gave a k cat(app) of 0.57 ± 0.04 Sec −1 and K m(app) of 23.47 ± 5.61 μM. Overall the specificity constant (k cat(app) /K m(app) ) for SNR with NADH was approximately twice that with NADPH, indicating that SNR is able to use either NADH or NADPH as cofactor but NADH is more effective. The nicotinamide cofactor preference of SNR was similar with NfsB from E. coli, which uses both NADH and NADPH to reduce NFZ and various nitro compounds [22] . This result as well as the phylogenetic analysis indicates that SNR belongs to group B NTRs.
pH and temperature optimum, and thermal stability
The effect of pH and temperature on SNR was investigated by monitoring the enzymatic activity over a pH range of 3.0-10.0 and a temperature range of 4-65
• C. The pH-activity profile showed an optimum pH of about 8.0 for the reduction of NFZ at 25
• C (Fig. 7A) . Outside the pH range 7-8, the activity decreased dramatically. The optimum temperature for SNR activity was between 37 and 45
• C, with maximum specific (Fig. 7B) .
The thermal stability of SNR was determined by incubating the enzyme at temperatures from 30 to 70
• C. The residual activity was measured at 25
• C using the NFZ reduction assay. As Fig. 7C shows, SNR was thermostable at up to 40
• C, >80% activity remaining after incubation for ࣙ60 Min. However, the enzymatic activity of SNR decreased notably on incubation at ࣙ50
• C, especially within the first 5 Min of incubation, displaying constant activity thereafter.
Substrate specificity of SNR and kinetic parameters
Several nitro compounds were chosen as the substrates to test the enzymatic activities of SNR, including the antibacterial drug NFZ, two pollutants 2,4-dinitrotoluene and 2,4,6-trinitrotoluene, as well as three chemical intermediates 3-nitrophthalimide, 4-nitrophthalimide, and 4-nitro-1,8-naphthalic anhydride, which were reduced efficiently by the strain Streptomyces. Regarding the inhibitory effects of excess FMN, naturally occurring flavins, FMN and FAD, were also selected. Enzyme analysis showed that the recombinant SNR was active toward all the above substrates.
To gain insight to the catalytic properties, steady-state kinetic studies of SNR were performed with various substrates. Surprisingly, the highest k cat(app) /K m(app) value was obtained with FMN, 2.1-33.4-fold higher than those for the respective nitro compounds tested ( Table 1 ). The activity of SNR for FMN is equivalent to that of some flavin reductases, for example, 
FIG. 6
Nicotinamide [32] . This is also consistent with the inhibitory effect of high concentrations of FMN on the enzymatic activity of SNR in the previous NFZ reduction assay. The k cat(app) /K m(app) value for FAD was approximately fivefold lower than that for FMN, which resulted from a 2.5-fold higher K m(app) and a twofold lower k cat(app) . These data suggested that SNR may provide reduced FMNH 2 in S. mirabilis DUT001.
Among the nitro compounds tested, SNR was most active toward 4-nitrophthalimide. The K m(app) for 4-nitrophthalimide was 2.9-fold lower than that for FMN, but a very low k cat(app) led to a specificity constant for this compound approximately 2.1-fold lower than that for FMN. The activity of SNR for 4-nitro-1,8-naphthalic anhydride reduction was slightly lower. In contrast, a native NTR purified from the same strain displayed higher catalytic activity with 4-nitro-1,8-naphthalic anhydride than 4-nitrophthalimide [33] . These two enzymes showed similar activities against 4-nitro-1,8-naphthalic anhydride, but the NTR in previous study reduced 4-nitrophthalimide at a lower level due to the extremely higher K m(app) value (530 ± 3.3 μM). These results indicate that these two enzymes are both responsible for the reduction of nitro polycyclic aromatic compounds and polynitro compounds, but shows slight differences in substrate preference.
FIG. 7
Optimal pH (A) and temperature (B) [43] . The amino acid sequences include NfsB from E. coli [10] , NR from Enterobacter cloacae [12] , NfnB from Salmonella typhimurium [13] , PnrB from P. putida [15] , FRase I from V. fischeri [30] , RdxA from Helicobacter pylori [27] , Yfk0 from Bacillus licheniformis [42] , and NOX from Thermus thermophilus [26] .
Molecular basis for high FMN reduction activity of SNR
To understand the molecular basis for the high FMN reduction activity, the amino acid sequence of SNR was aligned with members of the NTR group B family. SNR shared low overall identify with the other NTRs; however, the majority of flavin cofactor-binding residues observed in the crystal structures of E. coli NfsB are conserved between SNR and other NTRs (Fig. 8) . SNR shows the greatest variation from the other NTRs within the central region, which consists of two helices (α5 and α6). The crystal structures of NfsB (PDB code 1DS7, 1ICR) showed that these two helices constituted the entrance to the substrate pocket and influenced the substrate specificity and activity of NfsB [10, 34] . In particular, the importance of two phenylalanines (Phe123 and Phe124) located in helix α6 has been demonstrated using site-directed mutagenesis [30, 35, 36] . Wild-type NfsB possesses little FMN reduction activity, whereas its homolog FRase I from V. fischeri had a considerable level of FMN reduction activity. When Phe124 was mutated to a small residue (Ser or Ala), the FMN reduction activity of NfsB was increased significantly (to about 118-fold that of the wild-type enzyme, and even threefold that of FRase I) [30] . When Phe123 was mutated to Ala, the catalytic activity toward all tested substrates was markedly improved [36] . It is concluded that the removal of, or single amino acid substitutions, at positions 123 and 124 remove steric constraints preventing large flavins, such as FMN and FAD, from entering the substrate pocket, but cause no substantial change in the basic structure of the active site. Notably, the region corresponding to helix α6 in NfsB and the two Phe residues is absent from the SNR sequence, which is consistent with its high activity toward FMN. In this study, SNR, a NTR from S. mirabilis DUT001 was cloned, recombinantly expressed in E. coli and characterized. The purified enzyme is a homodimer with a subunit molecular weight of 24 kDa and prefers NADH to NADPH as a cofactor. By enzyme incubation and ITC experiments, the preferred flavin cofactor bound in SNR was found to be FMN, and the binding process was exothermic and primarily enthalpy driven. The large negative H and the negative S indicated some hydrogen bonds and van der Waals interactions were formed in SNR upon binding of FMN, and the protein structure was slightly stabilized, which is consistent with observations in the X-ray structures of NfsB. SNR could catalyze reduction of a variety of nitro compounds and flavins; notably, the highest activity was observed with FMN. This NTR may be distinct from other previously characterized bacterial NTRs because of its high activity toward FMN. This higher activity could be because the helix constituting the entrance to the substrate pocket in NfsB was absent from SNR, potentially generating a larger substrate-binding pocket and removing steric constraints on larger substrates accessing the active center. Given its broad substrate specificity and tolerance of larges substrates, SNR may play a significant role in the reduction of various nitro compounds, providing a cost-effective strategy for the synthesis of fine chemicals or in the biodegradation of toxic nitro compounds.
